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We study the effect of the chirped laser pulse on the transmission and associated ion acceleration by the
sub-wavelength target. In the chirped laser pulses, the pulse frequency has a temporal variation about its fun-
damental frequency, which manifests to the temporal dependence of the critical density (nc). In this work we
used a chirp model which is beyond the linear approximation. For negatively (positively) chirped pulses, the
high (low) frequency component of the pulse interacts with the target initially followed by the low (high) fre-
quency component. The threshold plasma density for the transmission of the pulse is found to be higher for
the negatively chirped laser pulses as compared to the unchirped or positively chirped pulses. The enhanced
transmission of the negatively chirped pulses for higher densities (6nc) results in very efficient heating of the
target electrons, creating a very stable and persistent longitudinal electrostatic field behind the target. The void
of the electrons results in expansion of the target ions in either direction, resulting in the broad energy spec-
trum. We have introduced a very thin, low density (< nc) secondary layer behind the primary layer. The ions
from the secondary layer are then found to be accelerated as a mono-energetic bunch under the influence of
the electrostatic field created by the primary layer upon interaction by the negatively chirped pulse. Under the
optimum conditions, the maximum energy of the protons are found to be∼ 100 MeV for 10 fs (intensity fwhm);
Circularly Polarized; Gaussian; negatively chirped laser pulse with peak intensity ∼ 8.5×1020 W/cm2.
I. INTRODUCTION
The advent of high power lasers promised the vast num-
ber of applications, covering both applied and fundamental as-
pects of basic sciences. The laser-plasma based acceleration
of the ions and electrons paved the possibility of construct-
ing a table-top [1–3], high energy, charged particle beams for
medical [4, 5] and industrial applications [6, 7]. In the last
couple of decades, we have already witnessed the experimen-
tal realizations of the acceleration of ions to multi MeV of en-
ergies via various acceleration mechanisms. The Target Nor-
mal Sheath Acceleration (TNSA) [8, 9], Radiation Pressure
Acceleration (RPA) [10, 11], Hole Boring (HB) [12], Break-
out Afterburner (BOA) [13], are among few very well studied
mechanisms both theoretically and experimentally. A won-
derful review of this contemporary field of laser-induced ion
acceleration is presented by Macchi et al. [14] in which all the
ion acceleration mechanisms are covered in depth.
The laser-driven ion acceleration in the relativistic self-
induced transparency (RSIT) regime is also proving to be the
fascinating mechanism to have a very efficient high energy
ion and neutron beams [15–19]. The ion and neutron beams
with energies around ∼ 180 MeV have been observed in ex-
periments by the RSIT mechanism [16, 17]. In general, the
dispersion relation for the electromagnetic wave propagation
in plasmas, ω2 = k2c2 +ω2p , ignores the interaction of the
laser fields with the medium, which in principle alters the
electron density and so the dispersion relation via the plasma
frequency ωp =
√
nee2/ε0me. The critical plasma density,
nc = ε0meω2/e2, as predicted by the above dispersion relation
has to be corrected for the laser-plasma interaction dynamics.
If we take into account the fact, that the plasma electrons will
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respond to the laser electric field, the modified dispersion rela-
tion reads, ω2 = k2c2+ω2p/γ , where γ =
√
1+(p/mec)2 and
p is the electron momentum. The high-intensity laser beams
can efficiently heat the plasma electrons, as a consequence,
the ion acceleration can be enhanced [15, 20–25].
The introduction of the chirp in the laser pulse is also prov-
ing to be a promising way to have enhanced ion energy beams
[26–31]. In the chirped pulses, the pulse frequency has tem-
poral variation about its fundamental frequency, which mani-
fests in the temporal dependence of the critical density nc as
well. In this study, we aim to characterize the effect of laser
pulse chirp on the ion energies under RSIT regime. We con-
sider a chirp model which is beyond the linear approximation
[27], the chirp model used is in close analogy with the ex-
perimental technique for the pulse amplification i.e. Chirped
Pulse Amplification. In order to understand how the chirp of
the laser pulse affects the transmission through the target, we
developed a simplified wave propagation model for the laser
with a0 < 1. The model takes into account the chirp of the
pulse while calculating the target density as pulse traverses
the target. The results of this simplified wave propagation
are found to be consistent with the 1D PIC simulation. Fur-
thermore, we consider the dual layer sub-wavelength target to
have a very efficient generation of the accelerated ion bunch
from the secondary layer [11, 30, 32]. Recently, the effect of
the pulse shape on the enhanced ion acceleration is reported
in Ref. [31] under Radiation Pressure regime of ion accelera-
tion. However, in this study we are concerned in the relativis-
tic transparency regime, and how the chirp of the laser pulse
can affect the transmission of the pulse through the target.
The paper is organized as follows. In Section-II, we dis-
cuss the simplified wave propagation model for low laser am-
plitudes (a0 = 0.5) and its utility to compute the transmission
coefficients for different chirp values. We compare the results
of the wave propagation model with the 1D PIC simulations.
In Section-III, we focus on the study of high intense lasers
(a0 = 20) with the target. The results showing the effect of
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FIG. 1. Laser pulse profiles with negative (a), unchirped (b) and
positive (c) chirp parameters. Time dependent frequency is also il-
lustrated (dotted line) for each case as well.
the laser pulse chirp on the longitudinal electric field for dif-
ferent target parameters is discussed. Moreover, we consider
the need for the second layer to obtain an energetic ion bunch.
The optimization study for different target parameters is then
carried out in Section-IV, and finally, we give the summary
and concluding remarks in Section-V.
II. THEORY AND SIMULATION MODEL
The interaction of the intense laser beams with the over-
dense plasmas are in general modeled by the cold-relativistic
fluid model [20, 33–36]. The use of the cold-relativistic fluid
model is justified, as the quiver velocity of the electrons in-
volved in laser-plasma interaction exceeds the electron tem-
peratures, and ions are considered as immobile in the time
scales of the interests. The threshold plasma densities for
RSIT as obtained by seeking the stationary solutions of the
cold relativistic fluid model for a semi-infinite plasma slab is
reported in Refs. [20, 34, 36].
The set of relativistic cold fluid equations are in general
challenging to solve for very thin targets, and hence kinetic
simulations are routinely used for studying the laser interac-
tion with thin overdense plasma layers [37–40]. In this paper,
rather than obtaining the stationary solutions for a threshold
plasma density, we studied the effect of pulse chirp on the
transmission coefficient of the target for a given laser and tar-
get parameters. We have used the sub-wavelength target as it
allows the transmission from the slightly over-dense plasmas
as well. The transmission coefficients are calculated by nu-
merically solving the wave propagation equation along with
the corrected electron density, taking into account the time-
dependent frequency and amplitude of the circularly polarized
chirped laser pulse. In the following, we present our simpli-
fied wave propagation model to study the effect of the pulse
chirping on the transmission coefficient, followed by the com-
parison with the 1D PIC simulation.
A. Wave propagation model
Throughout the paper we will be using the dimensionless
units. The laser amplitude is normalized as a = eA/mec,
where A is the vector potential associated with laser, e and
me are charge and mass of the electron. The time and space
are normalized against the laser frequency (ω) and wave num-
ber (ωt→ t and kx→ x) respectively. The electron density is
normalized against the critical density nc = ε0ω2me/e2. In the
dimensionless form the EM wave propagation in plasma can
be written as [41],
∂ 2a
∂ z2
− ∂
2a
∂ t2
=
ne
γe
a (1)
where, γe is the relativisitic factor for electron and ne is the
electron density. Using the definition of canonical momen-
tum, the γe can be expressed as,
γe =
√
1+a2+(pez)2 (2)
here, pez is the dimensionless (p
e
z/mec → pez) longitudinal
component of the electron momentum. In general the elec-
tron density will be a function of both z and t. The spatial
dependence of the electron density is because of the finite tar-
get geometry, however the temporal dependence comes via
the chirp of the laser pulse. In a chirped laser pulse the fre-
quency varies with time and hence the associated critical den-
sity [nc(t) = ε0Ω(t)2me/e2] for the laser pulse will also vary
accordingly. It should be noted that, here we are not solving
the full set of dynamical fluid equations, and hence the elec-
tron density is not going to evolve with time by continuity
0.2
0.3
0.4
0.5
0.6
0.4 0.5 0.6 0.7 0.8
a0 = 0.5
n0 = 1nc
Incident Pulse Transmitted Pulsene(z)
T
d/λ
ζ = −5
ζ = 0
ζ = 5
FIG. 2. Transmission coefficient of the laser pulse (a0 = 0.5, τ = 5
cycles) for chirp parameters ζ =−5,0,5 for different target thickness
of density n0 = 1nc is compared. The schematic diagram represent-
ing the target geometry (Eq. 4), incident pulse and transmitted pulse
is illustrated as an inlet.
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FIG. 3. PIC simulation for transmission coefficient of the laser pulse
(a0 = 0.5, τ = 5 cycles) for chirp parameters ζ =−5,0,5 for differ-
ent target thickness of density n0 = 1nc is compared.
equation. In the later part we will see, that this approximation
is valid if we intend to calculate the transmission coefficient
of the target for the laser pulses with a0 < 1. Furthermore, for
a0 < 1 one can ignore the longitudinal electron heating and so
Eq. 2 reduces to,
γe ∼
√
1+a2. (3)
The electron density profile in space and time is then given by,
ne(z, t)≡ ne(z)Ω(t) =
n0
Ω(t)
exp
[
−224 ln(2) (z− z0)
24
d24
]
(4)
here, Ω(t) is a time dependent frequency of the chirped laser
pulse (at the peak of the laser pulse Ω = 1), n0 is the peak
target density, d is its thickness and z0 is the location of the
target center. The electron density profile (Eq. 4) serves the
dual purpose, not only it mimics the thin layer target, rather
it is a continuous function of z as well, which is desirable for
numerical stability.
The simulation domain is considered to be L= 100λ long,
and the target (see Eq. 4) of thickness d is placed at 25λ
(z0 = 25λ + d/2). The transmission coefficient (T ) is calcu-
lated by taking the ratio of transmitted pulse energy to the
incident pulse energy. The boundary condition on the left of
the simulation domain is precisely the temporal profile of the
laser pulse. In this paper we have used the laser pulse model
as proposed by Mackenroth et. al. [27], because it models the
laser pulse chirp beyond the linear approximation [26, 28–30]
and it is also in close analogy to the model of chirped pulse
amplification [42]. The boundary conditions on left side of
the simulation domain for a = axxˆ+ayyˆ read as,
ax(0, t) =
a0√
2
exp
[
−4ln(2) t
2
τ2
]
cos[t+g(t,ζ )] (5)
ay(0, t) =
a0√
2
exp
[
−4ln(2) t
2
τ2
]
sin[t+g(t,ζ )] (6)
g(t,ζ ) = ζ
[
4ln(2)
t2
τ2
+
τ2
16ln(2)(1+ζ 2)
]
+
tan−1(ζ )
2
(7)
here, a0 is peak laser amplitude in dimensionless units, τ is
dimensionless FWHM of the laser pulse, and ζ is the chirp
parameter. The laser pulse profiles of unchirped, positively
and negatively chirped are illustrated in Fig. 1. The time de-
pendent frequency of the laser pulse is then given by [27],
Ω(t) = 1+ζ
8ln(2)
τ2
t (8)
For, ζ > 0 (ζ < 0) the low (high) frequency part interacts with
the target first, followed by the high (low) frequency part.
To understand how the chirp affects the transmission coef-
ficient of the laser pulse, we have calculated the transmission
coefficient for different chirp values by numerically solving
the Eqs. 1, 3 - 8. The transmission coefficient of a positively,
negatively and unchirped laser pulse (a0 = 0.5, τ = 5 cycles)
for different target thickness with n0 = 1nc is compared, and
the results are presented in Fig. 2. We observe from Fig. 2,
that as we increase the target thickness the transmission coef-
ficient for the unchirped pulse drops by ∼ 30% with ∼ 100%
increase in the target thickness. However, for chirped pulses,
the decrease in the transmission coefficient with target thick-
ness is marginal (∼ 5%) with the same variation in the target
thickness. It can be understood by the nature of the chirped
pulse itself. If the variation in the target thickness is smaller
than the wavelength of the pulse, then, in that case, the trans-
mission coefficient associated with the longer (smaller) wave-
length (frequency) would not be affected. On the other hand
for shorter (larger) wavelength (frequency) component, the
skin depth is anyway much larger than the thickness of the
target. The collective effect of the chirping would manifest in
more or less similar transmission coefficients as we vary the
target thickness in the sub-wavelength domain. In the follow-
ing, we compare the results of this simplified wave propaga-
tion model with 1D PIC simulation.
B. Comparison with PIC simulations
Next, we turn to a comparison of the simplified wave propa-
gation model (Fig. 2) with PIC-simulations. The 1D Particle-
In-Cell simulation (LPIC++) [43] is carried out to study the
effect of target thickness on the transmission coefficient for
different chirped values. We have modified this open-source
1D-3V PIC code, to include the multilayer targets, chirped
Gaussian laser pulses, and associated diagnostics. In this
code the electric fields are normalized as we earlier discussed
(a0 = eE/meωc). However space and time are taken in units
of laser wavelength (λ ) and one laser cycle τ = λ/c respec-
tively, mass and charge are normalized with electron mass and
charge respectively. We have used 100 cells per laser wave-
length with each cell having 50 electron and ion macropar-
ticles. The spatial grid size and temporal time step for the
simulation are considered to be 0.01λ and 0.01τ respectively.
In Fig. 3, we present the transmission coefficient depen-
dence on the target thickness for different chirped values as
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FIG. 4. Variation of threshold target density for 80% and 1% trans-
mission with chirp parameter.
calculated by the PIC simulations. The agreement with the
simplified wave propagation model (Fig. 2) is found to be ex-
cellent. It is clear that for a0 = 0.5, the electron heating is
not very pronounced, or we would have observed the effect
of the positive (low frequency interacts first) and negatively
(high frequency interacts first) chirped pulses. The approxi-
mation we made in wave propagation model regarding the pez ,
and Ω(t) are found to be consistent with the PIC simulations
as well.
III. RESULTS AND DISCUSSIONS
As we have seen, the chirp of the laser pulse can enhance
the effective transmission of the laser pulse over unchirped
laser pulses. For a0 = 0.5 we did not observe a very prominent
difference between the positively and the negatively chirped
pulses. This is so, as the interaction dynamics is mostly gov-
erned by the transverse motion of the electrons. The omis-
sion of the pez in our simplified wave propagation model seems
to be consistent with the fully relativistic 1D PIC simulation.
However, for a0 1, this might not be true, as the process is
too non-linear to be approximated by this simple wave propa-
gation model.
The chirp effect on the transmission coefficient and on the
interaction in general would be much pronounced for a0 1,
as the positively chirped pulse tends to compress the target
initially, increasing the target density for the high-frequency
part to interact. To study the interaction of the high intense
(a0 1) chirped laser beams with thin targets in RSIT regime,
the kinetic simulations are essential, as the fluid model can no
longer be used for such scenarios.
Now we study the interaction of the Gaussian, Circularly
polarized laser pulse having peak amplitude a0 = 20, and
FWHM duration of 5 cycles with a target of thickness 0.75λ .
The 1D-3V PIC code LPIC++ is used for this purpose [43].
The simulation domain is considered to be 100λ and the tar-
get (protons + electrons) of thickness 0.75λ is placed at 25λ .
The laser incidents on the target from the left side. It should be
noted that for the cases when a0/[pi(ne/nc)(d/λ )]< 1, the ion
acceleration is mainly dominated by the Ligh Sail mechanism
[44, 45]. On the other hand, the RSIT mechanism begins to
prevail in the regime where the ratio a0/[pi(ne/nc)(d/λ )]& 1.
The parameters used in the current study (a0 = 20, d = 0.75λ
and ne . 8nc) clearly indicates that the RSIT regime would
prevail. The laser parameters used i.e. a0 = 20, Circularly
Polarized are routinely accessible in ELI laser facility [46].
A. Chirp effect on threshold plasma density
We present the variation of the threshold plasma density
with chirp parameter (ζ ) in Fig. 4. Here, “threshold plasma
density” is the target density which allows some percentage
fraction of the incident pulse to pass through the target for a
given chirp parameter. The threshold plasma density for 80%
and 1% transmission coefficients are presented for−5≤ ζ ≤ 5
(see, Fig. 4). We observe that the threshold plasma density in-
creases for negatively chirped laser pulses in either scenario
(80% and 1% transmission). In case of the positively chirped
(ζ > 0) pulses, the low-frequency part interacts with the target
initially followed by the high-frequency component. The low-
frequency component tends to compress the electron layer, in-
creasing the electron density for the high-frequency compo-
nent to interact. However, in case of negatively chirped pulses
(ζ < 0) the high-frequency component interact with the tar-
get initially followed by the low-frequency part. For high-
frequency EM wave, corresponding critical density is also
high, which enable it to transmit through the target without
much of attenuation.
In Fig. 5, the spatial snapshots (as evaluated at 60τ) of
the electron density, ion density, longitudinal field and laser
field for different chirp values are shown. The snapshots are
also compared for two different target densities, viz 3nc (upper
panel) and 6nc (lower panel). We observe that for 3nc case all
the quantities are showing the similar characteristics for dif-
ferent chirp values. However, for 6nc case we can see the dis-
tinctive spike of the electron density [see, Fig. 5(e)] at ∼ 50λ
for ζ =−5, this manifests in enhanced flat longitudinal elec-
trostatic field [see, Fig. 5(g)]. This can be understood from the
fact that the transmission coefficient of the target with den-
sity 3nc is & 80% for −5 ≤ ζ ≤ 5 (see, Fig. 4). Moreover,
for 6nc case only the negatively chirped pulse will be having
the & 1% transmission (see, Fig. 4), in fact the pulse with
ζ = −5 can have ∼ 1% transmission for the target with den-
sity ∼ 8nc. The transmission of the negatively chirped pulse
can be observed in Fig. 5(h). Furthermore, for ζ = 0 and
ζ = 5, the transmission is < 1%, as a consequence, the as-
sociated pondermotive force of the laser pulse tend to push
the electrons inside the target, increasing the electron density
[see, Fig. 5(e)]. The electrostatic field formed by the com-
pressed electron layer tend to pull the target ions, increasing
the ion density as well [see, Fig. 5(f)]. Now, on the contrary
for ζ =−5, the transmission coefficient is > 1%, and hence as
the pulse exits the target it drags the electrons with it as well.
This motion of the electrons can be observed in the Fig. 5(e),
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FIG. 5. The effect of pulse chirp is illustrated for two different target densities, 3nc (upper panel) and 6nc (lower panel). The spatial snapshot
at 60τ for the electron density (a,e), ion density (b,f), longitudinal electric field (c,g) and transverse laser profile (d,h) is presented for a0 = 20,
τ = 5 cycles and d = 0.75λ (the target is placed at 25λ ) .
as a small spike in electron density around ∼ 50λ coincides
with the location of the pulse after transmission, Fig. 5(h).
From the above analysis one can deduce that even 1% trans-
mission of intense laser beams is strong enough to heat the
electrons to relativistic energies. As the electrons escape the
(a) (b) (c)
(d) (e) (f)
FIG. 6. Spatio-temporal profile of the electron density (upper panel)
and the longitudinal electrostatic field (lower panel) are presented for
chirp parameters ζ = −5 (left column), ζ = 0 (center column) and
ζ = 5 (right column). The laser parameters are same as Fig. 5 with
target density ne = 6nc.
target for ζ =−5 case, it leaves the target positively charged,
resulting in the expansion of the target ions in either direction,
as seen in Fig. 5(f).
B. Spatio-temporal evolution of electrostatic field
So far we have learned that the transmission of the pulse for
ζ =−5 results in efficient heating of the electrons followed by
a very persistent electrostatic field, a few electrons are dragged
away from the target. The rapid heating and excursion of the
electrons from the target leaves the target charged, as a con-
sequence the target ions expand under its own coulomb re-
pulsion. To further elucidate this fact, in Fig. 6 we present
the spatial and temporal evolution of the electron density and
longitudinal electrostatic field for ζ = −5, 0 and 5 for the
case when target density is 6nc, all other laser parameters are
same as Fig. 5. The compression of the target can be seen for
unchirped and positively chirped laser pulses. However, for
the negatively chirped pulse (ζ =−5), some electrons are ac-
celerated by the transmitted pulse and starts co-moving with
the laser pulse, this is mainly due to the nature of the circularly
polarized pulse. For circularly polarized pulse the suppression
of J×B heating of the electrons leads the push along the direc-
tion of the pulse propagation. This excursion of the electrons
is the reason; we can see the approximately constant longitu-
dianl electrostatic field configuration for z≥ 25λ in Fig. 6(d).
We will see in the following how this kind of constant electro-
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secondary layer (0.2λ ,0.1nc) are presented (center column). The velocity spectrum for the ions from primary and secondary layers are also
illustrated (right column).
static field can be harnessed to obtain a mono-energetic proton
bunch.
C. Need for secondary layer
We have seen so far, that the negatively chirped pulse effi-
ciently create a very stable electrostatic field, as it transmits
through the target. However, the excursion of the electrons
leaves the target positively charged, as a consequence the tar-
get ions expand in either direction because of the Coulomb
repulsion of the ions itself. The expansion of the target ions
in either direction manifests in very broad energy distribu-
tion, on the contrary for any practical applications, a mono-
energetic ion bunches are desirable. To have a mono-energetic
ion bunches from the current setup, a very thin, low density
(< nc) secondary layer is introduced just behind the primary
layer. The low density of the secondary layer ensures that the
interaction dynamics and in general the formation of the elec-
trostatic field by the primary layer remains mostly unaffected
even by the presence of the secondary layer. As the laser
passes through this composite target (primary + secondary),
the electrons are dragged away with the laser pulse, and the
ions from the secondary layer experience a very persistent
electrostatic field, leading to their acceleration as a mono-
energetic ion bunch.
Next, we study the interaction of the negatively chirped
(ζ = −5), Gaussian, circularly polarized, 5 cycle laser pulse
having peak amplitude a0 = 20 with the composite target. The
thickness (density) of the primary layer (PL) is considered to
be d = 0.75λ (ne = 6nc). However, for the secondary layer
(SL) the thickness and density are considered to be 0.2λ and
0.1nc respectively. In Fig. 7, the phasespace plots of ions from
PL and SL are presented at 40τ , 50τ and 60τ . The expan-
sion of the ions of the PL in either direction is visible in Fig.
7(a,b,c). However, the ions from the SL are found to be accel-
erated as a bunch, Fig. 7(d,e,f). The velocity spectrum of the
ions from the PL and SL are also illustrated for different time
instances in Fig. 7(g,h,i). We present the energy spectrum of
the ions from the SL in Fig. 8 at 50τ , 70τ and 90τ . We ob-
serve that for the negatively chirped pulse with given laser and
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FIG. 8. The energy spectrum of the ions from the secondary layer are
presented at different time instances for ζ = −5 (a). Moreover, the
energy spectrum of secondary ions as evaluated at 90τ for different
chirp parameters is also compared (b). The laser parameters are same
as Fig. 7.
7target parameters, the maximum number of ions from the SL
are accelerated to ∼ 30 MeV, however, the maximum energy
(Emax) of the bunch is observed to be ∼ 75 MeV, as evaluated
at 90τ . For the sake of completeness, the effect of the pulse
chirp on the energy spectrum of the SL is also illustrated in
Fig. 8. For the positively and unchriped laser pulses the tar-
get density 6nc will be in the opaque regime, as a consequence
the laser will be reflected from the PL. The heating of the elec-
trons at the rear side of the PL is not very efficient, and hence
the ions from the SL are not very efficiently accelerated for
the positively and unchirped laser pulses.
IV. OPTIMIZATION
In Fig. 9 , the variation of the maximum energy of the ions
from the SL is presented for different chirp parameters. The
effect of the pulse chirp is illustrated for fixed laser amplitude
a0 = 20 and different primary target densities (a), and for fixed
primary target density and different laser amplitudes (b). As
the target density for a0 = 20 is varied, we observe that for
ζ = −5, the maximum energy of ∼ 105 MeV is obtained for
∼ 6nc. The threshold plasma density for a0 = 20 and ζ =−5
is ∼ 7nc [see, Fig. 4] and hence the transmission of the pulse
for 6nc is > 1%, leading towards the stable electrostatic for-
mation as we discussed in the previous sections. However, for
ζ = 5 case, the target with density 6nc would be opaque, and
hence ions from SL will not be efficiently accelerated. We fur-
ther observe that for ζ = 5 the maximum ion energy is seen to
be for the case when target density is ∼ 4nc. As we discussed
earlier, the leading low-frequency component of the positively
chirped pulse tends to compress the target density by the radi-
ation pressure, as a consequence the following high-frequency
component interacts with the high-density target, resembling
a similar scenario as negatively chirped pulse interacting with
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FIG. 9. The effect of the pulse chirping on the maximum energy of
the ions from the secondary layer is presented for different primary
target density (a). The thickness of the primary layer is 0.75λ and
peak laser amplitude is a0 = 20. The variation of the maximum ion
energy with a0 is presented in (b), here we have fixed the density of
the primary layer to 6nc.
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FIG. 10. The longitudinal electrostatic field (a) and energy spectrum
of the ions from secondary layer (b) are presented for three different
primary target conditions. However, the maximum ion energy of the
secondary layer is also presented for different thicknesses and den-
sities of the primary layer (c). The laser pulse with peak amplitude
a0 = 20, duration 5 cycles and chirp parameter ζ =−5 is considered.
The target conditions (d/λ ,ne/nc) are X (0.55,5.2), Y (0.75,5.8), and
Z (0.95,6.8). All the quantities are evaluated at 90τ .
the high-density target. We have also studied the effect of the
laser intensity on the maximum ion energy from the secondary
layer for fixed target density of 6nc. It can be seen from Fig.
9(b) that for a0 . 15, the target with density 6nc and thickness
0.75λ would be opaque, and hence the electrostatic field gen-
eration is suppressed and so the acceleration of the ions from
the secondary layer. However, as the a0 increases an efficient
acceleration is observed for the negatively chirped pulse.
So far we have seen that the negatively chirped pulses are
efficient in generating very persistent and stable electrostatic
field behind the target. The effect of the thickness and den-
sity of the PL on the maximum ion energy by the nega-
tively chirped pulse is presented in Fig. 10. We have var-
ied the thickness of the PL from 0.5λ −1λ , and density from
5nc − 8nc, and maximum ion energy (as evaluated at 90τ)
of the ions from SL (0.2λ ,0.1nc) are calculated for a0 = 20,
ζ = −5, 5 cycles, circularly polarized, Gaussian laser pulse.
In Fig. 10, we have also presented the electrostatic field and
energy spectrum of the ions from the secondary layer as eval-
uated at 90τ for three different target parameters (d/λ ,ne/nc)
namely X (0.55,5.2), Y (0.75,5.8), and Z (0.95,6.8). In all of
the three cases we observe very stable flat electrostatic field
behind the primary layer [see, Fig. 10(a)]. The optimum tar-
get parameters for given laser conditions are found to be Y
(0.75,5.8) where maximum ion energy is observed to be∼ 100
MeV. We have fixed the parameters of the SL throughout the
simulations. The main purpose of the SL is to have an acceler-
ated proton bunch. The parameters of the SL neither alter the
electrostatic field formed by the primary layer nor affects the
laser pulse propagation, and hence the ions of SL mere serve
as test particles.
8V. CONCLUDING REMARKS
In this work, we have studied the effect of the laser chirping
on the acceleration of the protons via relativistic self-induced
transparency. In the negatively (positively) chirped pulse, the
high (low) frequency component of the pulse interacts with
the target initially followed by the low (high) frequency com-
ponent. The temporal variation of the frequency in the chirped
EM pulse manifests in the associated time-dependent criti-
cal density, as a consequence the threshold plasma density
of the negatively chirped laser pulse is found to be compar-
atively higher than the unchirped and positively chirped laser
pulses. The initial low-frequency interaction of the positively
chirped pulse with the target tend to compress the target layer
by the radiation pressure, as a consequence, the target would
be opaque for positively chirped pulses. Furthermore, as the
negatively chirped pulse transmits through the target, the sup-
pression of the J×B heating of the circularly polarized laser
results in longitudinal push on the electrons; as a result, few
electrons get dragged away and start co-moving with the laser
pulse. This imbalance leaves the target positively charged
followed by the expansion of the target ions under its own
coulomb repulsion. However, the removal of the electrons
also generate a very stable and persistent electrostatic field
behind the primary layer which can be harnessed by the com-
posite target geometry, comprised of the low density, thin sec-
ondary layer behind the primary layer. The ions from the
secondary layer are found to be accelerated as a bunch un-
der the effect of the longitudinal field created by the primary
layer (secondary layer does not affect the field formation in a
profound manner) upon interaction by the negatively chirped
laser pulse with this composite target.
Under optimum conditions the maximum energy of the ions
from the secondary layer is found to be ∼ 100 MeV for circu-
larly polarized, Gaussian, 5 cycles FWHM, negatively chirped
(ζ = −5), laser with peak amplitude a0 = 20. These param-
eters for 800 nm laser would translates to ∼ 10 fs (inten-
sity FWHM) pulse with peak intensity ∼ 8.5× 1020 W/cm2.
However, similar energies are reported in the past, but with
much higher a0 values. For example, in Ref. [12] the authors
have demonstrated the ion acceleration in the HB-RPA regime
and reported the proton energies ∼ 150 MeV by irradiating a
laser with peak amplitude a0 ∼ 90. Similarly, under the RPA
regime, ion acceleration to∼ 150 MeV with a0 = 108 has also
been reported in Ref. [47].
In summary, we have studied the effect of the pulse chirp on
the transmission of the laser pulse through the sub-wavelength
target and associated ion acceleration. The transmission coef-
ficient for a0 = 0.5 are estimated by a simplified wave prop-
agation model which takes into account the time dependent
critical density of the target. The results of this simplified
wave propagation model are found to be consistent with the
1D fully relativistic PIC model. In this work we have used the
chirp model which is beyond the linear approximation. The
chirp model used in this study is in close analogy of the idea
of the Chirped Pulse Amplification. Furthermore, we studied
the interaction of the intense laser pulse with a0 = 20 with the
target having the thickness 0.75λ and density 6nc for differ-
ent chirp parameters. It has been observed that the negatively
chirped laser pulse is very efficient in creating a stable and
persistent electrostatic field behind the target. The electro-
static field created behind the target can be harnessed by a low
density, thin secondary layer behind the target. The optimiza-
tion of the target parameters are finally carried out to have
a maximum energy of the accelerated ions of the secondary
layer.
The feasibility of the proposed scheme under experimental
scenario needs full 3D Particle-in-Cell simulations, which is
currently beyond the scope of the current manuscript. Soon,
we plan to study the effect of the higher dimensions on the ion
acceleration under RSIT regime. For this purpose we would
like to explore the 3D PIC codes like EPOCH [48], or PICCANTE
[49].
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